Long QT syndrome (LQTS) is an inheritable and life-threatening disease; however, it is often difficult to determine disease characteristics in sporadic cases with novel mutations, and more precise analysis is necessary for the successful development of evidence-based clinical therapies. This study thus sought to better characterize ion channel cardiac disorders using induced pluripotent stem cells (iPSCs).
Introduction
Sudden cardiac arrest (SCA) is a major cause of mortality in developed countries, accounting for about 10% of all deaths. 1 The majority of sudden cardiac deaths are caused by acute ventricular tachyarrhythmias, 2 which often occur in persons without known cardiac disease, structural heart disease, or coronary artery disease. 3 -6 Long QT syndrome (LQTS) was initially described as a rare inherited disease causing ventricular tachyarrhythmia. Subsequently, many patients have been identified and now we know that ventricular tachyarrhythmia in LQTS is apparently common among sudden death syndromes. The reported incidence of LQTS is one in 2000, but this may underestimate the disease because many cases are not properly diagnosed because of the rarity of the condition and the wide spectrum of symptoms. 7 Human-induced pluripotent stem cells (hiPSCs) have become a promising tool for analysing human genetic diseases. 8, 9 Many studies have already shown that apparent cellular phenotypes of familial genetic disorders are recapitulated by disease-specific iPSC-derived cells in vitro. In some of these, cardiomyocytes differentiated from LQTS-specific iPSCs (LQTS-iPSCs) were used to recapitulate disease phenotypes in LQTS patients who were previously characterized as having mutated channel profiles. 10 -13 In reality, many patients have novel mutations and no such specific information regarding their disease phenotype is matched by the respective genotypes. To address whether iPSC technology could be used to characterize a novel mutated gene, we selected LQTS patients without family history and previous disease characterization.
Methods

Human iPSC generation
iPSCs were established as described previously. 8 We used lentiviral to introduce mouse solute carrier family 7, a member 1 (Slc7a1) gene encoding the ecotropic retrovirus receptor. Transfectants were plated at 2 × 10 5 cells per 60 mm dish. The next day, OCT3/4, SOX2, KLF4, and c-MYC were introduced by retroviral. Twenty four hours after transduction, aspirated off the virus-containing medium, then continued to culture under fibroblast condition. Six days later, the cells were harvested and plated at 5 × 10 4 cells per 100 mm dish. The cells were cultured for another 20 days. At day 25, embryonic stem cell-like colonies were mechanically dissociated and transferred to a 24-well plate on the mouse embryonic fibroblast feeders.
Patient consent
All subjects provided informed consent for blood testing for genetic abnormalities associated with hereditary LQTS. Isolation and use of patient and control fibroblasts was approved by the Ethics Committee of Keio University (20-92-5) , and performed only after written consent was obtained. Our study also conforms with the principles outlined in the Declaration of Helsinki for use of human tissue or subjects. 14 
In vitro differentiation
Cells were harvested using 1 mg/ml collagenase IV (Invitrogen, CA, USA), and transferred to ultra-low attachment plates (Corning, NY, USA) in differentiation medium. 15 The medium was replaced every second day. The time window of differentiation for analysing the beating embryoid bodies (EBs) and cardiomyocytes was 30 -60 days and 150 days from starting the differentiating conditions.
Immunofluorescence
The immunostaining was performed using the following primary antibodies and reagents: anti-OCT3/4 (sc-5279, Santa Cruz, CA, USA), anti-E-cadherin (M108, TAKARA BIO, Otsu, Japan), anti-NANOG (RCAB0003P, ReproCELL, Yokohama, Japan), and DAPI (Molecular Probes). Signal was detected using a conventional fluorescence laser microscope (BZ-9000, KEYENCE, Osaka, Japan) equipped with a colour charge-coupled device camera (BZ-9000, KEYENCE).
Reverse transcription -polymerase chain reaction
Total RNA samples were isolated using the TRIZOL reagent (Invitrogen) and RNase-free DNase I (Qiagen, Tokyo, Japan). cDNAs were synthesized using the Superscript First-Strand Synthesis System (Invitrogen). Real-time quantitative reverse transcription-polymerase chain reaction (RT -PCR) was performed using 7500 Real-Time PCR System (Applied Biosystems, CA, USA), with SYBR Premix ExTaq (Takara, Otsu, Japan). The amount of mRNA was normalized to GAPDH mRNA. Primer sequences are listed in the Supplementary material online, Table. 2
.6 Teratoma formation
The mice were anaesthetized using a mixture of ketamine (50 mg/kg), xylazine (10 mg/kg), and chlorpromazine (1.25 mg/kg). The adequacy of anaesthesia was monitored by heart rate, muscle relaxation, and the loss of sensory reflex response, i.e. non-response to tail pinching. hiPSCs (at a concentration corresponding to 25% of the cells from a confluent 150 mm dish) were injected into the testis of severe combined immunodeficiency disease (SCID) mice (CREA Japan, Tokyo, Japan 
Karyotype analysis
Karyotype analysis was performed using standard Q-banding chromosome analysis according to the Central Institute for Experimental Animals.
Genomic sequence
Genomic DNA was isolated from the patient, control volunteers, control iPSC colonies, and LQTS-iPSC colonies. The relevant KNCQ1 gene fragment was amplified by PCR reaction using 100 ng genomic DNA. PCR products were then sequenced. ment in iPSC-derived cardiomyocytes, depolarizing pulses for 3 s from 260 to 60 mV were applied from the holding potential at 260 mV at 0.1 Hz. The tail current was measured on repolarization back to 240 mV. KCNQ1 channel currents were elicited by 3 s depolarizing steps from a holding potential of 280 mV to potentials ranging from 250 to +60 mV in 10 mV increments. This was followed by a 2 s repolarization phase to 240 mV to elicit the tail current. Pulse frequency was 0.1 Hz. Whole-cell patch-clamp recordings were performed by investigators blinded to the genotype of the cells.
Cell culture and transient transfection
Statistical analysis
Data are expressed as mean + SEM. Unless otherwise noted, statistical significance was assessed with Student's t-test and Fischer's exact test for simple comparisons, and ANOVA followed by Bonferroni's test for multiple comparisons. The probability level accepted for significance was P , 0.05 (*P , 0.05, **P , 0.01).
Results
A 13-year-old boy was admitted to our institution with SCA experienced during physical exercise at school. He subsequently underwent successful resuscitation using an automated external defibrillator , the data from which showed ventricular fibrillation, a fatal arrhythmic event (see Supplementary material online, Figure S1A ). Electrocardiogram showed a significantly prolonged QT interval and QT interval corrected for heart rate, QTc (see Supplementary material online, Figure S1B ). He had no family history of previous syncope episodes or significant QT interval abnormality (see Supplementary material online, Figure S1C ). Since the clinical findings on syncope and the electrocardiogram morphology suggested type 1 LQTS, b-blockers were initially administered to reduce the risk of cardiac sudden death. 19 The epinephrine provocation test increases the accuracy of diagnosis of type 1 LQTS; 20 however, this test can be affected by b-blocker administration (see Supplementary material online, Figure S1D) ; thus, type 1 LQTS being the most probable diagnosis in our patient was not definitive. 21 To elucidate whether this patient is type 1 LQTS caused by a KCNQ1 mutation, KCNQ1 was directly sequenced. A heterozygous deletion mutant in KCNQ1, 1893delC (P631fs/33), was identified in our patient (see Supplementary material online, Figure S1E and F). We also confirmed that no other mutation was present in the major LQTS-related genes: KCNH2, SCN5A, KCNE1, and KCNE2. Although the KCNQ1 1893delC mutation was previously reported, its functional characteristics remain unknown. 22 To obtain electrophysiological properties, drug responses, and some valid data on which to base useful medical therapy, we tested the validity of iPSCs for disease characterization.
To generate iPSCs, we used dermal fibroblasts from our patient and two healthy volunteers, and reprogrammed these cells using retrovirus-mediated gene transfer of SOX2, OCT3/4 (also known as POU5F1), KLF4, and MYC. Several clones were generated, expanded, and stored. All iPSC lines showed typical iPSC morphology and expressed human pluripotency markers ( Figure 1A and B) . Quantitative RT -PCR (qRT -PCR) analyses confirmed that all lines adequately expressed endogenous pluripotency markers and silenced exogenous genes ( Figure 1C and D) . To examine pluripotency, iPSCs were injected into SCID mice. Injected iPSC-derived teratomas contained the cell derivatives of all three germ layers, such as cartilage, intestine, muscle, and neural tissue (see Supplementary material online, Figure  S2A and B). All iPSC lines maintained a normal karyotype (see Supplementary material online, Figure S2C and D). We selected two LQTS and two control iPSC lines for further characterization and cardiac differentiation.
We used an EB culture system to differentiate iPSCs into cardiomyocytes. 15, 23 After 1 week of floating culture, spontaneous beating EBs were observed, and the efficiency of beating EBs showed no significant difference between control-and LQTS-iPSCs at days 30 and 60 (data not shown). Immunofluorescence staining for dissociated cardiomyocytes showed clear immunopositivity for cardiac-specific gene products in control-and LQTS-iPSC-derived cardiomyocytes (Figure 2A and B). Electron microscopy also revealed a typical cardiomyocyte structure in both control-and LQTS-iPSC-derived cardiomyocytes, including sarcomeric organization and gap junctions (see Supplementary material online, Figure S3A and B). Similarly, qRT-PCR analyses confirmed the expression of cardiac-specific genes and ion channels ( Figure 2C ). Ion channel expression in iPSCs was compatible with previous reports of multiple ion channels expressed in pluripotent stem cells. 24, 25 To elucidate electrophysiological properties, we used an MEA system that enables easy measurement of the surface electrogenic activities of cell clusters and can be adapted to automatic high-throughput systems. 26 MEA analyses revealed that control-and LQTS-iPSC-derived EBs showed similar rhythmic electrical activity and spontaneous beating rate ( Figure 3A and B) . FPD in MEA analysis is analogous to a QT interval in an electrocardiogram. 26 The cFPD (normalized to beating frequency) of LQTS-iPSC-derived EBs was significantly longer than that of controls ( Figure 3C and D) , suggesting that iPSC-derived cardiomyocytes from both control and LQTS cells have cardiac-specific functional properties.
We next tested several drugs known to affect QT prolongation to elucidate the electrophysiological properties of EBs. The IKr blocker, E4031, significantly prolonged cFPD in a dose-dependent manner when added into the culture medium of control and LQTS cells ( Figure 4A and B) . E4031 administration induced significantly more frequent early-after depolarizations (EADs) in the LQTS-iPSC-derived beating EBs compared with the control EBs; these are spontaneous membrane depolarizations that confer risk of ventricular arrhythmias ( Figure 4C and Supplementary material online, Figure S4A ). In addition, higher doses of E4031 induced arrhythmic events such as Disease characterization using iPSCs polymorphic ventricular tachycardia (PVT)-like arrhythmia ( Figure 4D and Supplementary material online, Figure S4A ).
27 E4031-induced PVT-like arrhythmias were never observed in control-iPSC-derived beating EBs. We then found that another major repolarization potassium current relating to LQTS, IKs, was blocked by chromanol 293B, which significantly prolonged cFPD in control-iPSC-derived beating EBs, but not in LQTS-iPSC-derived beating EBs ( Figure 4E and F ). These data indicated that LQTS-iPSC-derived cardiomyocytes have IKs channel dysfunction and/or chromanol 293B insensitivity. We also examined the inwardly rectifying potassium current IK1 by the IK1-blocking barium administration. The application of barium prolonged FPD in both control-and LQTS-iPSC-derived cardiomyocytes (see Supplementary material online, Figure S4B ). However, barium administration did not induce arrhythmogenic events in control-and LQTS-iPSC-derived beating EBs. These findings suggested that repolarization of LQTS-iPSC-derived cardiomyocytes would be mainly controlled by IKr. Taken together with IKr and IKs blocker administration, we proposed that IKs channels were not only genetically but functionally impaired and that IKr channels compensated for this effect in the patient-derived iPSCs, which is also known as the repolarization reserve in cardiomyocytes. 28, 29 IKs channel impairment is diagnosed as type 1 LQTS. And it is well known that b-stimulant increases the risk of fatal arrhythmia and that b-blockers would effectively prevent long-QT-related arrhythmia in type1 LQTS. 30 The b-stimulant isoproterenol increased the beating rate in a dosedependent manner in control and LQTS cells, and induced EAD and ventricular tachycardia (VT)-like arrhythmogenic events in LQTS-iPSC-derived beating EBs (see Supplementary material online, Figure S5A and B and Figure 4G) . Interestingly, the non-selective b-blocker propranolol obviously decreased the incidence of arrhythmogenic events ( Figure 4H ). These data strongly suggested that our patient has a functional impairment in the IKs channel system. We confirmed a heterozygous deletion mutant in KCNQ1, 1893delC (P631fs/33), was identified in the LQTS-iPSCs (see Supplementary material online, Figure S5C ).
To confirm a possible dominant-negative role of the KCNQ1 1893delC mutation in IKs channel function, we conducted precise electrophysiological characterizations in iPSC-derived cardiomyocytes. IKs currents can be recorded by subtraction of baseline and the IKs blocker (chromanol 293B) addition. In control, chromanol 293B (30 mM) addition apparently decreased the recorded current, and IKs current was recorded by subtraction ( Figure 5A ). In LQTS-derived cardiomyocytes, chromanol 293B addition did not show apparent differences and IKs current was subtly recorded by subtraction ( Figure 5A ). The IKs peak and tail current densities of the LQTS-derived cardiomyocytes were evidently smaller than those of control ( Figure 5B) . To clarify the mechanisms underlying such effects, we examined KCNQ1 protein expression in LQTS-iPSC-derived cardiomyocytes. We conducted immunofluorescent staining using an antibody that recognizes a C-terminal epitope on KCNQ1 downstream of P631fs/33. Immunostaining in control showed cell peripheral expression of KCNQ1, which suggested normal shuttling of the KCNQ1 protein into the cell membrane ( Figure 5C ). In LQTS-iPSC-derived cardiomyocytes, the KCNQ1 protein was accumulated at the perinuclear cytoplasm and nucleus, instead of at the cell periphery ( Figure 5C ). These data indicated that KCNQ1 expression is downregulated at the membrane peripheral site ( Figure 5D ), which suggests that KCNQ1 1893delC has a dominant-negative effect via a trafficking deficiency.
We showed this patient has a mutation in KCNQ1 and that LQTS-iPSC-derived cardiomyocytes have a functional disturbance in KCNQ1 channels. However, it remains unclear whether this mutation directly contributed and whether other mutations could be involved in the IKs current disturbance. To test for a pure dominant-negative role of the KCNQ1 1893delC mutation in IKs channel function, we also conducted electrophysiological and histochemical characterizations in HEK cells expressing exogenous wild-type and/or mutated KCNQ1. Cells with 100% incorporation of the wild-type KCNQ1 (WT) gene recorded typical IKs currents and 50% WT KCNQ1 gene introduction slightly reduced the IKs currents ( Figure 6A ). Introduction of 100% mutant KNCQ1 genes (P631fs/33) (MT) significantly reduced IKs currents ( Figure 6A) . Moreover, 50% WT and 50% MT gene introductions had dominant-negative effects on IKs current ( Figure 6A) . The IKs peak and tail current densities of the 100% MT and 50/50% WT and MT were evidently smaller than those of 100% WT and 50% WT ( Figure 6B and C) . Then we also examined KCNQ1 protein expression in KCNQ1-transfected HEK cells. Cells Disease characterization using iPSCs carrying 100% WT and 50% WT gene introduction showed cell peripheral expression of KCNQ1, which suggested normal shuttling of the KCNQ1 protein into the cell membrane ( Figure 6D and E and Supplementary material online, Figure S6 ). In contrast, 100% MT and 50/ 50% WT and MT gene introduction induced KCNQ1 protein accumulation around the perinuclear cytoplasm, instead of at the cell periphery ( Figure 6D and E and Supplementary material online, Figure S6 ). These data indicated that MT-KCNQ1 expression is downregulated at the membrane peripheral site, which suggests that KCNQ1 1893delC has a dominant-negative effect via a trafficking deficiency.
Discussion
Human iPSCs have become a promising tool to analyse genetic diseases. Some previous reports indicated that disease-specific iPSCs recapitulated the disease phenotypes. 10 -13 However, most patients for generating iPSCs in previous reports were already diagnosed with responsible genes and/or had familial history. 10 -13,31,32 We showed here that iPSCs can recapitulate the phenotype of a sporadic patient with LQTS type1. We also performed functional analysis of the novel mutation by using patient-specific iPSCs, which may support the diagnosis of LQTS type 1 with novel mutation. Moreover, using this system allowed us to perform several drug administration tests on the iPSC-derived cardiomyocytes, which would be a realistic risk to such a patient in real medical practice. Patients with LQTS type 1 have to take b-blockers throughout their lives, and thus to confirm that b-blockers truly prevent arrhythmic events in the patients with novel mutations, patient-specific iPSC-derived cardiomyocytes could also be used for drug evaluation and monitoring. We generated iPSCs from a sporadic LQTS patient with a novel heterozygous mutation located in the KCNQ1 gene, 1893delC, and differentiated into cardiomyocytes. The electrophysiological function was measured by the MEA system, and we confirmed that cFPD was markedly prolonged in LQTS, as compared with control. Next, we tried to confirm the responsible channel for disease phenotype by precise examination of several drug responses. IKr is responsible for the main potassium current in cardiomyocytes and the IKr blocker significantly prolonged cFPD in LQTS-and control-iPSCderived beating EBs. But interestingly, we observed more frequently the arrhythmogenic events like EAD in LQTS-derived beating EBs, and PVT-like arrhythmia findings recorded only in LQTS. In addition, IKs is another important potassium current in cardiomyocytes but the IKs blocker did not affect cFPD in LQTS, though it significantly prolonged control's cFPD in a dose-dependent manner. In general, IKr and IKs channels work in a complementary fashion in cardiomyocytes, which is known as repolarization reserve. 28, 29, 33 Taken together with
IKr and IKs administration, we could propose that IKs channels were functionally impaired and that IKr channels would compensate for this effect in the patient-derived iPSCs. It was also supported that the diagnosis of our patient may be LQTS type1 because of the onset of the ventricular fibrillation caused by exertional stress. 20, 21 It is important to elucidate whether the disease phenotype is reproducible in the same clinical situation, but it should be better to avoid reproducing ventricular fibrillation in those patients because of the high risk of sudden death. Therefore, we examined whether adrenergic stimulation can cause arrhythmogenic events in LQTS-iPSCs-derived cardiomyocytes. We successfully reproduced that the b-stimulant, isoproterenol, induced VT-like arrhythmia only in LQTS, which was totally blocked by the b-blocker, propranolol. These findings strongly suggested that patient's IKs channels were functionally impaired and we focused on the identification of the responsible gene mutation in the KCNQ1 gene. To confirm the dominant-negative role of the KCNQ1 1893delC mutation in IKs channel function, we examined electrophysiological and histochemical analyses in iPSC-derived , and 50% WT + 50% MT KCNQ1 genes (n ¼ 13).
Disease characterization using iPSCs cardiomyocytes, and showed that KCNQ1 1893delC has a dominantnegative effect via a trafficking deficiency. And there remains a possibility that other mutated genes might be involved in disease phenotypes. So we examined electrophysiological and histochemical analyses in HEK cells in which WT and MT KCNQ1 genes were transferred, and showed that KCNQ1 1893delC has a dominant-negative effect via a trafficking deficiency. This study had several limitations with respect to basic research and clinical application. In our study, the control subjects were two healthy volunteers who were unrelated to the patient. The type of such controls that are optimal to use in disease modelling using patient-specific iPSCs remains under discussion. 34 To examine pure functions of the mutated genes, it would seem better to compare patient's family members who do not harbour the mutation, although related family members share genetic information including single nucleotide polymorphisms, and this could affect disease phenotypes. A recent study also showed that ideal control iPSCs can be obtained by mutated gene correction using a targeting strategy. 35 However, it is sometimes difficult to establish iPSCs from family members and correct a mutated gene in human iPSCs. In our study, we used control iPSCs from healthy unrelated volunteers and also performed functional analysis of the mutated genes using gene transduction. Another important issue for routine clinical application of disease modelling using iPSCs is the time path. It takes a few months to generate iPSCs from the patient's dermal fibroblasts, and another few months to differentiate iPSCs into cardiac myocytes. Thus, a minimum of half of year is required to generate iPSC-derived cardiomyocytes that reproduce the patient's phenotype. Although iPSC technology is an attractive tool for analysing human diseases, it is clear that technological innovation remains necessary for the use of iPSCs in routine medical practice.
In the present study, we showed that patient-derived iPSCs could recapitulate disease phenotype in a case of sporadic LQTS. Importantly, this study demonstrated that iPSCs could be useful to characterize the electrophysiological cellular phenotype of a patient with a novel mutation. In terms of effort, cost, and time, such a method for characterizing a phenotype should overcome several problems that remain in realizing the routine clinical application potential of patientderived iPSC technology, and in turn, the promise of personalized medicine in the future clinical setting.
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